The heat capacity of MnAs(l,BPo.r2 has been measured by adiabatic shield calorimetry from 10 to 500 K. It is shown that very small energy changes are connected with two magnetic order-order transitions, indicating that these can be regarded as mainly "noncoupled" magnetic transitions. At higher temperatures contributions to the excess heat capacity arises from a magnetic order-disorder transition, a conversion from low-to high-spin state for manganese, and a MnP-to NiAs-type structural transition. The observed heat capacity is resolved into contributions from the different physical phenomena, and the character of the transitions is discussed. In particular it is substantiated that the dilational contribution, which includes magnetoelastic and magnetovolume terms as well as normal anharmonicity terms, plays a major role in MnAso.ssPo.12. The entropy of the magnetic order-disorder transition is smaller than should be expected from a complete randomization of the spins, assuming a purely magnetic transition. Thermodynamic functions have been evaluated and the respective values of C,,
Introduction
the MnP-type structure prevails, giving rise to intriguing magnetic properties. A poorly Extensive research on the MnAsr-,P, characterized modification of the double (0.00 I x 0.18) solidkolution phase has a-axis helimagnetic structure HL is found revealed the presence of a large number of at the lowest temperatures (T < Ts, = 60 + crystallographic and magnetic structures 10 K). This ordering pattern transforms into (see (1-7) and references therein). The a ferromagnetic structure with moments present contribution concerns MnAs0.88P0.t2 arranged along the b-axis, which in turn which is characterized by two crystallogra-converts to a regular H,-type helimagnetic phic and four magnetic phases (6, 7). At structure at Ts2 = 200 t 10 K. In contrast to low temperatures (T < TD = 460 f 10 K) these magnetic order-order transitions, which are somewhat sluggish, a well-takes place at TN = 243 -+ 5 K (6). The low-temperature MnP-type structure transforms continuously into a NiAs-type structure which is stable above TD. This continuous MnP G NiAs-type transition is accompanied by a low-to high-spin conversion which takes place in the entire range below TD (8, 9). A more complicated phase diagram and transition pattern for MnAsi-,P, than that reported in Refs. (2, 6, 7) is described by Govor (10, II), but this discrepancy may merely reflect concentration fluctuations in the samples.
Although the different crystal and magnetic structures are reasonably well characterized, the nature of the phase transitions is less well known. The magnetic transitions may be divided into two categories, mainly pure magnetic and strongly coupled magnetoelastic transitions. The magnetic order-order and order-disorder transitions belong to the former type and are accompanied by minor changes in the crystal structure (6, 7). In contrast to this, the low-to high-spin conversion is strongly coupled to the continuous NiAs $ MnPtype crystal structure distortion (6, 7). The large changes in the structural parameters are ascribed to normal anharmonicity terms, magnetovolume, and magnetoelastic contributions (12).
In the present paper the heat capacity of MnAs0.88P0.12 from 10 to 500 K is reported for the first time. The present results are compared with the heat capacity of other MnAsi-,P, compositions, as obtained by differential scanning calorimetry measurements (7, 23, 14) . The enthalpy and entropy of the transitions are evaluated, and their nature is discussed.
Experimental

Synthesis
MnP and MnAs were synthesized from high-purity Mn flakes (99.99%), P lumps (99.999%), and As lumps (99.999%) from Koch-Light Laboratories Ltd. (England). The mixture of the elements was heated in evacuated, sealed silica-glass tubes. The temperature in the horizontally positioned furnaces was increased in steps of 30 K per 8 hr to 1173 K. After cooling the samples to room temperature during 1 day, they were carefully crushed and subjected to a further annealing at 1173 K for 1 week. Four ternary samples of MnAs0.s8P0.i2, each weighing about 15 g, were synthesized similarly from MnP and MnAs. After a first heat treatment at 1173 K for 5 days the samples were crushed and jointly annealed at 973 K for about -15 weeks before being cooled to room temperature during 1 day.
Characterization
The characterization of the samples was done by powder X-ray diffraction. Roomtemperature photographs were taken in an 80-mm-diameter Guinier camera, using CuKcr, radiation and silicon as internal standard, a (293.15 K) = 543.1065 pm (25) . Unit cell dimensions were derived by the method of least squares using the program CELLKANT (26) . The resulting unit cell dimensions (a = 556.8(l) pm, b = 350.1(l) pm, and c = 620.1(2) pm) are in good agreement with previous results (2, 6, 7). The slight deviations between values obtained by X-ray diffraction and those obtained by neutron diffraction (6) are presumably caused by uncertainty in wavelength determination and sample positioning in latter experiments.
Calorimetric Technique 5 to 350 K (University of Michigan). The cryogenic measurements were made in the Mark X cryostat described previously (17) using intermittent heating, adiabatic equilibrium methods. The programming, data ~wging, and calorimetry were computerized as described elsewhere (18) . A gold-plated copper calorimeter (designated W-61) was loaded with 52.45 g of MnAs0.ssP0.12. The buoyancy corrections are calculated for a density of 6.88 g cmm3. Following evacuation, 2.2 kPa of purified helium was added to the calorimeter to enhance thermal equilibration. The calorimeter was then sealed with Cerroseal (50 Pb-50 Sn) solder. Two cylindrical OFHC copper capsules were placed within the restraining pellet vanes of the calorimeter to avoid damage to the calorimeter wall upon transitional expansion of the sample.
270 to 500 K (University of Oslo). The high-temperature calorimeter apparatus and measuring technique have been described in detail earlier (29) . The computeroperated calorimeter was intermittently heated and surrounded by electrically heated and electronically controlled adiabatic shields. The sample was enclosed in an evacuated and sealed silica-glass tube of about 50 cm3 in volume, tightly fitted into the silver calorimeter. Due to the extremely large thermal expansion of the sample, compressible silica cords were mixed with the sample to avoid cracking the silica-glass tube at elevated temperatures. A central well in the tube served for the heater and the platinum resistance thermometer. The mass of the sample used in the hightemperature experiments was 62.29 g.
Calibrations. The platinum-resistance thermometer for the low-temperature calorimeter was calibrated by the U.S. National Bureau of Standards, and that for the hightemperature calorimeter locally, at the ice, steam, tin, and zinc points. Temperatures are judged to correspond with IPTS 1968 to within 0.02 K from 4 to 300 K, and within 0.08 K above this temperature. All measurements of mass, resistance, potential, and time are referred to standardizations and calibrations performed at U.S. National Bureau of Standards.
The heat capacities of the empty calorimeters were determined in a separate series of experiments. The heat capacity of the empty calorimeter was 37% of the total at 10 K, 42% at 50 K, 28% above 300 K for the low-temperature measurements, and about 70% in the high-temperature measurements.
Small corrections were applied for temperature excursions of the shields from the calorimeter temperature. Further corrections were applied for differences in amounts of lead-tin solder, helium gas, and Apiezon-T grease for the low-temperature calorimeter and for differences in mass of the silica-glass containers for the hightemperature calorimeter.
Result
Heat Capacity and Thermodynamic Properties
The experimental heat capacities of MnAs0.ssPo.i2 for the low-and hightemperature ranges are given in chronological order in Table I and presented graphically in Fig. 1 . The approximate temperature increments used in the determinations can usually be inferred from the adjacent mean temperatures in Table 1 . A curvature correction generally applied to the lowtemperature data was not used in the transitional regions.
The estimated standard deviation of a single heat capacity measurement in the low-temperature region is about 1% from 7 to 30 K, 0.1% from 30 to 300 K, and 0.2% from 300 to 350 K. In the higher temperature region it is about 0.3%.
The experimental heat capacities for the low-and high-temperature regions were fitted to polynomials in temperature by the method of least squares. The fitting and especially the joints between the fitted segments were checked by inspection of plots of dC,ldT against T. At the lowest temperatures the heat capacity was extrapolated assuming a linear CD/T versus T2 (i.e., Debye T3 law) relationship down to 0 K.
Values of the thermodynamic functions was obtained from the polynomial expressions by numerical integration using Simpson's rule (20) . The evaluated data are presented in Table II for selected temperatures. The accuracy in the function values is estimated to be within 0.2% above 30 K.
The heat capacities of MnAs0.89P0.,I and MnAs0.s7Po.r3, as read from Figs. 5 and 6 in (23) , are about 11% higher than the present ones at 100 K and 3% higher at 200 K. The corresponding values for MnAso.soPO.,o at 130 and 200 K (7) are 1 and 3% higher than the present ones, respectively. In the intermediate temperature range no direct comparison is possible. However, above TD fairly constant values of the heat capacity, independent of the composition (13, 21), have been observed. This indicates that the C, value at 500 K for MnAso.goPo.lo (7), as obtained from DSC measurements, is about 5% too high, whereas the values for MnASo.a9Po.ll and MnAso.sTPo.13 (13) are about 1% too high.
Resolution of the Heat Capacity
In order to obtain values for the thermodynamic functions connected with the structural and magnetic transitions, a nontransitional heat capacity was first evaluated. The observed heat capacity may, to a first approximation, be considered as composed of four main contributions: a constant volume Cv, a dilational Cd, an electronic C,, and a magnetic Cu heat capacity. At low temperatures C, may be approximated as C, = j3T3 + TVo&-' + yT + CH, where p and y are constants, V is the molar volume, (Y is the thermal volume expansion coefficient, and K is the isothermal compressibility. No estimates of the magnon contribution from a helimagnetic structure is, to our knowledge, available. If one ass-gas, related to the density of states at the umes that the spin-wave contribution is of Fermi level by y = 7r2kB2N(Er)/3 (22) . minor importance at the lowest tempera-Hence, the 12% substitution of P for As in tures, a plot of C,lT' versus T yields y = MnAs greatly affects the electronic band 13.0 mJ K-* mole-'. The value is considera-structure of MnAs (in terms of the latter bly higher than 4.5 mJ K-* mole-' found for expression N(&) increases from 4 to 12 MnAs (22) . y is, assuming a free-electron states eV-' (unit cell)-'). The lattice heat capacity is now approximated by extrapolating a constant-volume heat capacity in the harmonic approximation, using a constant Debye temperature and adding a dilational and an electronic heat capacity term. The magnetic contribution is, to begin with, neglected. The applied Debye temperature, On = 364 K, was taken as the maximum value in a plot of 8n versus temperature, whereas the electronic heat capacity was calculated by C, = yT, assuming that this represents a reasonable approximation even at higher temperatures. The way of deriving Cd = TV&-' is, however, not obvious. The large changes in the unit cell volume, which accompany the MnP ti NiAs-type transition in MnAso.ssPa.,2 (7, 12), give rise to a large dilational contribution (12). In order to calculate the nontransitional C, curve, a, K, and V are extrapolated from the values at low and high temperatures where the struc- tural transition is of minor influence. The calculated nontransitional heat capacity is given by the dashed line in Fig. 1 . The present evaluation is burdened by several somewhat coarse approximations, e.g., that the free-electron-gas heatcapacity concept is assumed to be a useful representation even at higher temperatures. This is certainly only approximate since a linear dependence is to be expected only for temperatures being low with respect to the degeneracy temperature of the electron gas, Tdeg = EFIkB. In addition changes in the electronic band structure as a function of temperature are expected to occur for phases like MnAsi-,P,. Also, the assumption of a constant Debye temperature is certainly approximate and 8n probably changes when the structural MnP-type deformation takes place. In spite of this, the present evaluation is considered to be the best possible one when taking into account the current level of knowledge regarding the physical properties of such phases.
The excess heat capacity above 100 K, which includes contributions from four transitions, is given by the solid curve in Fig. 2 . In the process of resolving the heat capacity into individual contributions, the large, broad peak with maximum around 347 K is regarded here as the major contribution to the excess C,. The other contributions will be regarded as superimposed on this primary peak. Two quite different approaches for a physical interpretation of the primary peak have been proposed (12, Z3), although both link it to the high-to low-spin conversion in MnAs,-,P,. The first interpretation (13) is based on a strongly localized picture and some aspects of this view are considered in the discussion section. The second and more recent approach interprets the primary peak in terms of a large additional dilational contribution with an origin in the coupling of the low-to high-spin conversion and the MnP g NiAs-type structural transition (12). This phenomenologic approach does not give a microscopic picture of the spin conversion. A full account of the latter model is given in (12), but a short recapitulation is also included here. The dilational contribution is given by cd = TVCU~K-'. V and (Y are readily obtained from diffraction data (6, 7, 12) and the critical step is the estimation of the temperature dependence of the isothermal compressibility. In order to overcome the lack of measured compressibilities, the qualitative correspondence between chemical and external pressure (23) , which seems obvious from the similarity of the p,T phase diagram of MnAs (24) and the x,T phase diagram of MnAsr-,P,
, is utilized. The principal effect caused by substituting P for As in MnAs is to reduce the molar volume, i.e., the same influence as an external pressure. Consequently, proportionality between the chemical and external pressure is assumed at low substitutional levels (hence, K = V-'(~V/dx)l(~pl~x)). Assuming a temperature-independent proportionality coefficient (@lax = 55 kbar, see (12)), compressibilities in good keeping with the values for MnAs (25) (26) (27) at 295 and 450 K is obtained. The thus deduced temperature dependences of K, (Y, and V are given in Fig. 3 , and the resulting additional dilational contribution is given by the dashed curve in Fig. 2 .
Discussion
Magnetic Transitions
The two magnetic order-order transitions in MnAs0.ssP0.i2 (6, 7) give rise to only small effects in the heat capacity. At low temperatures the HA to F transition at Tsl = 60 K is indicated by a somewhat irregular behavior at the experimental points. The small deviation between the observed heat capacity and the calculated nontransitional CV + Cd + C, in this temperature region of Fig. 1 does, however, most probably reflect changes in the Debye temperature, viz., lower 8n values in this range. In contrast to this, the F to H, transition at Tsz = 220 K is clearly seen as a shoulder on the dominant magnetic order-disorder peak in the inset of Fig. 1 . The detailed characteristics of these transitions are, however, not known. Taking the very small and, with the present resolution, continuous changes in the structural parameters near the transition temperatures (6, 7) into account the contribution to the heat capacity from coupled magnetoelastic terms are probably of minor importance. Still, the minimum in the next nearest metal-metal separation within the ferromagnetic regime (6, 7) may indicate that the exchange interactions are related to the variation in the interatomic distances (6) (cf. MnAs (28)). When discussing magnetic transitions, a fundamental question concerns the order of transition and it should be noted that a continuous change in the periodicity of the magnetic structures does not provide a mechanism for the order-order transitions. The magnetic moments of the Hh and H, structures are confined to the bc-plane, whereas the moment is directed along the b-axis in the ferromagnetic phase (6, 7). Hence, a first-order transition is expected if the magnetic structure determinations are fully reliable. However, physical effects which accompany first-order transitions, i.e., temperature hysteresis and discontinuous changes in crystal structure and heat capacity (see the related Mn0.63Cr0.37As (29) and MnP (30, 31)), are not observed. This may be due to the unavoidable local varia- LABBAN ET AL.
tion in the composition of powdered samples, which makes the detection of very small discontinuous effects difficult. Since no definite evidence for first-order transitions is observed, a higher order transition mechanism cannot be excluded. In addition, small and continuously occurring changes in the helimagnetic structures are not easily detected by structure refinements based on powder data. For a pure magnetic transition with a simple reversal of magnetization direction for the various magnetic sublattices (without change in the magnitude of the moments) a second-order transition without change in entropy is expected (32) . However, the anomalous behavior of the paramagnetic scattering near T,Q in MnAs0.8sP0.i2 (9) indicates a more complex transitional mechanism. In order to give a microscopic description of the transitions, spin waves and their mutual interaction in the vicinity of Tsl and Ts2
have to be taken into account. The magnetic order-disorder transition is observed at a somewhat lower temperature (TN = 234.1 K) than reported in (6). On resolving the heat capacity as indicated in Fig. 2 , the enthalpy and entropy of transition are 898 J mole-' and 3.92 J K-i mole-', respectively. Assuming that 1.5 spins per Mn atom becomes completely randomized above TN the magnetic entropy should be ANS = R ln(2S + 1) = 7.6 J K-' mole-'.
This indicates a less cooperative transition, considerable short-range order above TN, and/or associated changes in the electronic band structure. However, the likely uncertainty in the background curves (cf. Figs. 1 and 2) may hide a considerable part of the discrepancy between the deduced and calculated magnetic entropy.
No general microscopic model exists which can be applied to the magnetic order-disorder transition region. However, the magnetic heat capacity around TN may be described in terms of power-law expres- model (i.e., the logarithmic singularity mentioned above) with A' = A = 8.1 J K-r mole-' and B' = B = 2.6 J K-' mole-' are also indicated (dashed curve). The calculated values for this model coincide almost completely on the low-temperature side with the solid curves from the power-law expressions, whereas the deviation on the high-temperature side in part may be ascribed to uncertainty in the chosen background level. In addition, a much better agreement would be obtained if other values of the constants were used for the high-temperature range (i.e., A' # A, B' # B). Hence, the agreement is not much better for CY = -0.5 than for (Y fixed to zero. This aspect is not substantiated by standard deviations, partly in view of the uncertainty in, and limited amount of, experimental data. However, the choice of data included in the critical region influences considerably the range of (Y'S which will fit the experiments. In the upper part of Fig. 4 , log Cn is plotted versus log E and in addition a straight line corresponding to Cn = A&P with (Y = 0.05 is indicated. Such a straight line relationship should be expected sufficiently near TN, where Cu is determined mainly by the exponential term. Hence, near TN a fit with positive value of Q! gives the best result. The deviation of the observed Cu from a straight line for larger values of E indicates the need for extended scaling in the range originally considered, as well as the demand for more experimental points closer to the critical temperature. However, neglecting the uncertainty in (Y and cy', the very symmetric behavior around TN is remarkable. This approximate symmetry, which is also evident on visual inspection of Fig. 4 , is further emphasized bythefindingofa=cz',A=A',andB=B' through the power-law analysis.
The magnetic heat capacity near the ordering temperature in MnAs and MnAsi-,P, has been discussed earlier within the formalism of the mean field approximation (14, 34). However, only qualitative agreement is observed due to neglect of short-range order above TN (Tc).
Coupled Crystal Structure Transition and Magnetic Spin Conversion
Using the resolution of the heat capacity indicated in Fig. 2 , the entropy and enthalpy of the large broad peak with maximums around 347 K are 12.95 J K-' mole-' and 4044 J mole-', respectively. This heatcapacity anomaly is connected to the occurrence of a spin conversion in MnAsi-,P,, as substantiated by paramagnetic scattering experiments (8, 9). The continuously changing moment is intimately connected to the displacive MnP e NiAs-type transition, giving rise to an anomalous temperature dependence of the molar volume and isothermal compressibility. However, a microscopic description of the transition is not obvious, and one of the main problems concerns localization versus itineracy of the electrons. The nonintegral magnetic moment favors an itinerant model, whereas the paramagnetic moment above the NCel temperature favors a localized view.
Two microscopic models have been advanced in the interpretation of the anomaly. According to Krokoszinski et al. (13) the anomaly may be treated according to a "Bragg-Williams approximation" with high-spin Mn ions in a low-spin ensemble. Hence, starting out with a pure low-spin state at low temperatures and ending up with a pure high-spin state at high temperatures (13), the transition may be regarded as an order-disorder-order transition with maximum entropy when the number of highspin ions equals the number of low-spin ions. The decrease in entropy, when the fraction of high-spin ions increases beyond one-half, must hence be stabilized by a larger decrease in enthalpy; i.e., the bonding forces must increase. The model of Krokoszinski et al. (13) implies that the overall configurational entropy equals zero. The observed entropy change consequently should depend partly on the relative degeneracy of the low-and high-spin states and partly on changes in the vibrational frequency spectrum. Since a strictly localized model is not in accord with the metallic character of MnAs,-,P, (3, 35), the coexistence of local high-and low-spin ions in a Fermi sea was proposed (13) to overcome this deficiency. More recently (14, 36) a coupling between the structural transition and the spin conversion has been proposed as a modification of the same localized model.
In contrast to the localized model, which has an unrealistic ionic basis and spin conversion mechanism, the other microscopic approach is based on electronic band structure calculations (37, 38) . The anomalous magnetic susceptibility and volume behaviors have been qualitatively explained on the basis of spin-fluctuation theory (39) which gives rise to quasi-localized moments with basis in an itinerant electron picture. In line with this, the resistivity anomaly below TD (40) must be attributed to the large distortion of the NiAs-type structure during the progression of the MnP-type distortion.
MnP $ NiAs-Type Transition Below TD a continuously increasing distortion of the high-temperature NiAs-type structure takes place (6, 7). According to Franzen et al. (41) , the transition between the NiAs-and MnP-type structures can be described by three independent functions. The product of these functions is invariant for all translations of the NiAs-type structure, but not for the inversion operation. Hence, in the lack of a third-order invariant, the Gibbs energy may for small distortions, and taking coupling to strains into consideration, be formulated according to the phenomenological Landau theory (42, 43) as G = Go + &rQ2 + uQ4 + eQ2q + 4Ev2, where GO is the Gibbs energy of the undistorted structure, r and u are coefficients depending on the thermodynamic state of the solid, n is the strain parameter, e is the coupling factor, E is the appropriate elastic constant, and Q is the order parameter. A second-order structural transition is only possible if r passes through zero; hence assuming r has no singularity at the transition point it may be represented by an analytical function of T near TD, i.e., r = a(T -TD). The condition for a stress-free material, aclaq = 0, gives necessary condition for a continuous transition, and hence coupling to strain leads to an increased probability for a discontinuous transition. When the stability conditions are fulfilled, the change in heat capacity becomes C = a2Th3u' below and C = 0 above TD. In Fig. 5 the experimental heat capacity is compared with the predictions of this simple version of the Landau theory. The experimental values are corrected for the background level, as extrapolated from polynomial fitting of the heat capacities in the pre-and post-transitional regions. The lack of an abrupt decrease in the heat capacity as predicted by the mean field theory, probably reflects that clusters of shortrange order precede the long-range order (as T --) TD+). In order to explain such details, more subtle models taking into account the dynamic behavior of the elastic phonon instability must be used. The enthalpy and entropy of the MnP $ NiAstype transition are about 151 J mole-' and 0.356 J K-' mole-], respectively. The corresponding values for the MnP s NiAstype transitions in MnAs (21) and CrAs (44) are 25 J mole-' and 0.07 J K-' mole-', and 1172 J mole-' and 0.92 J K-' mole-', respectively. A common feature of these transitions is a considerably lower heat capacity on the higher temperature side of the transition. This probably reflects the occurrence of important changes in the electronic frequency distribution near TD.
